Surgically excised human carotid bodies have been analyzed by electron microscopy. Several ultrastructural features suggest that they are closely related to sympathetic neuroendocrine glands and autonomic ganglia: the chief cells synthesize intensely osmiophilic cytoplasmic granules, occasionally develop neuroid processes, and are intimately associated with neurilemmal sustentacular cells. Other lines of evidence indicate that secretion of the chief cell is norepinephrine or a closely related bioamine-neurotransmitter. The role of chief cells in mediating chemosensation may be explained by modulated release of the bioamine in response to local metabolic conditions. Human chief cells are richly innervated. Recognizable zones of synapse display an efferent type of polarity and sometimes appear adrenergic. Thus, reflexive sympathetic excitation of chief cells may be physiologically significant in man. The anatomic compartmentalization characteristic of carotid body chief cells is discussed in relation to a possible functional significance.
Controversy concerning the embryological derivation and nomenclature of chemoreceptors has persisted until very recently. 6' 7 Eighteenth century anatomists discovered the carotid bodies, but did not attempt to distinguish them from neighboring cervical ganglia with a similar gross appearance. Lushka and later nineteenth century microscopists are credited with recognizing the secretory capacity of carotid body cells.7 This is reflected in references to the carotid gland.8 Later observations of a chromaffin reaction in the carotid bodies suggested their classification as paraganglia along with members of the sympathetic chromaffin system.8 '9 In 1926, de Castro'0 presented the first neuroanatomic evidence for a glossopharyngeal afferent nerve supply to the cat carotid bodies. De Castro was also impressed by the rich vascular supply to these bodies, and he intuitively hypothesized a chemoreceptive function. 11 His novel interpretation of the histology provoked a remarkable series of isolation perfusion experiments by Heymans, Schmidt, Comroe and other renowned physiologists. '-4, 12 Function of the carotid bodies in generating respiratory and vasopressive reflexes to hypoxemia or hypercarbia was quickly established.
De Castro and many succeeding investigators were unable to detect a consistent chromaffin reaction in carotid body chief cells. ' 3 Some authors therefore preferred to employ the descriptive terms "epithelioid" or "chemoreceptor" cells. At the time, this nomenclature appeared to be supported by embryological studies which suggested a mesodermal origin for the carotid body parenchyma.'4 Despite the scholarly arguments of von Watzka9 and Lattes,15 the traditional grouping of the carotid bodies with sympathetic glands or paraganglia tended to lolse general acceptance among anatomists13 and pathologists. 6 The application of electron microscopy to examination of mammalian carotid bodies quickly resolved the lingering questions concerning their precise cytology. Ultrastructural observations also helped to corroborate embryological studies which had traced a neurogenous derivation of the carotid and aortic arch bodies.8' [16] [17] [18] Specifically, carotid body chief cells in several species were found to contain osmiophilic cytoplasmic granules in large numbers.19' 20 These granules resemble the neurosecretions of sympathetic glands. We have previously reported the occurrence of similar granules in human carotid body tumor cells as well as a high content of tumor norepinephrine by fluorometric assay,21, 22 but the ultrastructure of non-neoplastic glands was subject to relatively brief attention. The cytology, innervation, and complex cellular relationships of adult human carotid bodies are now more fully explored and provide a basis for the discussion of new hypotheses concerning the cellular mechanisms of chemosensation. Methods Surgically extirpated carotid bodies were obtained from patients, aged 32 to 64 years, through the courtesy of Dr. J. R. Phillips, Houston General Hospital, Houston, Texas. The glands were removed in the course of therapeutic glomectomy for bronchial asthma. As previously described,22 all tissues were fixed immediately in 4% glutaraldehyde buffered at pH 7.2 to 7.4 with 0.1 M phosphate. Glands tentatively identified by gross examination were postfixed in osmium tetroxide, dehydrated in graded ethanol solutions, and embedded in large blocks of Araldite resin after propylene oxide infiltration.22 24 Identification of parenchymal cell lobules was accomplished by preliminary light optical survey of large plastic sections. These plastic sections also provided superb material for cytological examination by conventional microscopy.24 Regions of particular interest were re-embedded for electron microscopy,23 and ultra-thin sections were stained with saturated aqueous uranyl acetate or lead citrate.22' 23
Observations Light Microscopy
The light microscopic appearance of the human carotid body in conventional or plastic sections has been described in several previous reports.22' 26 Certain observations nevertheless deserve reemphasis or amplification. Nests of chief cells (sometimes designated "glomus" type I or "epithelioid" cells) comprise the fundamental histological unit or primary lobule of the carotid gland. These are arranged in small spherical "zellballen" or cylindrical anastomosing cords, and are enmeshed in a skein of interlacing nerve fibers and fine capillary branches. Capillaries do not actually penetrate within the chief cell lobule. This separation of chief cells from the capillary wall by processes of intervening pericytes and neurilemmal "sustentacular" cells (sometimes designated "capsular,, interstitial," or "glomus" type II cells) has only recently been confirmed by electron microscopic studies of several species. '9' 20, 27-30 While the correct cytological relationships had previously been surmised from conventional microscopy of well-preserved specimens and were portrayed in some diagrams or camera lucida drawings,31 32 the presence of (1) Parenchyma of adult human carotid body in light micrograph. Chief cells (CC) with large round nuclei and prominent nucleoli are arranged in primary lobules bounded by sustentacular cells (SC). Sustentacular cell nuclei are ovoid or reniform. A fine capillary branch Circulation, Volume XXXVII, April 1968 neurilemmal cells was not universally appreciated.13 33 They are best illustrated in thin plastic sections ( fig. 1 ) .22
Primary chief cell units may b)e isolated within dense connective tissue or nerve trunks9 or may aggregate to form secondary lobules. The entire carotid gland is merely a collection of such lobules, and not discretely encapsulated.20' Parenchymal lobules are supplied by small arterial twigs and bundles of myelinated nerve fibers. Fine terminal arborizations of the nerve bundles penetrate the chief cell units directly, but they are divested of their myelin sheath before entering. This pattern may be traced by light microscopy with silver impregnation techniques.3 The exclusively interlobular situation of myelinated nerve bundles is also obvious in plastic sections of osmium-fixed tissue.22
Mast cells are numerous in the carotid body. They are confined to, the interlobular stroma ( fig. 1 ) as described by Pryse-Davies and associates.20 Interstitial ganglion cells have also been described in carotid and aortic bodies17' 26 34 but were not encountered in our preparations.
Electron Microscopy
Chief Cells Chief cells are characterized by relatively large rounded nuclei with prominent nucleoli and an abundance of membrane-limited osmiophilic dense granules in the cytoplasm (figs. 2 to 5). These specific granules are not readily visualized in conventional paraffin sections but may occasionally be detected as a delicate cytoplasmic stippling in thin plastic sections stained by MacCallum's method.24 The Golgi apparatus is sometimes very prominent and fortuitous sections disclose early formation of granule matrix`2 within smooth condensing vacuoles of the Golgi cisternae ( fig. 4 ). This process of granule biosynthesis is common to other neurosecretory cells. 35 The granular endoplasmic reticulum is relatively well developed in chief cells, sometimes oriented in parallel lamellae ( fig. 5 ) and reminiscent of the Nissl substance in ganglion cells. 36 Cytoplasmic granules in adult human chief cells average 0.13 t in diameter. They are uniformly spherical with the exception of certain larger granules described below in "dark" cells. Up to 2% of the granules in some sections possess a low density core ( fig. 5 ). This appears to result from a central rarefaction of the granule matrix.22 Similar vesicular cores have been observed in cytoplasmic granules of one carotid body tumor.21 They do not appear to be a staining extraaction phenomenon and could not be produced in solid granules by prolonged exposure to KMnO4 solution. They occur in sections stained either with uranyl acetate or lead citrate and in sections fixed in glutaraldehyde-potassium dichromate22 without osmium treatment. Interestingly, sparse, "hollow" granules were recently observed by Biscoe and Stebhens28 in glutaraldehyde-fixed cat carotid bodies, but they had not previously been reported in osmium-fixed cat glands examined by Ross.27 A recent study of Duncan and Yates37 indicates that fixation may alter the density at the periphery of chief cell granules, but not in the central fashion presently described.
filled with erythrocytes (E) passes between lobules. A granulated mast cell (M) is present in the interstitium at lower right. Araldite section, crystal violet stain; X 830.
(2) Low-power electron micrograph of a typical chief cell unit. Chief cells (CC) are uniformly granulated. Processes of peripheral sustentacular cells (SC) surround chief cells and enclose neuraxons (N). Note separation of capillary (CAP) from chief cells by interposed sustentacular cytoplasm; X 4,100.
(3) Characteristic association of sustentacular (SC) and chief (CC) cells. Sustentacular processes envelop chief cell surface and separate it from an adjacent capillary (CAP). The mitochondrion-rich nerve bulb (N) at lower right contacts chief cell body; X 8,900.
(4) Condensation of neurosecretory granules of chief cell within membranous cisternae on concave face of Golgi apparatus (G); X 52,800.
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Figures 5 and 6 (5) Periphery of a chief cell unit. Interstitial collagen and fibrocyte processes at top. Sustentacular processes of two cells are interlocked (SC). One sustentacular process displays a typical stack of agranular reticulum (SR). Mitochondrion-rich nerve endings (N) abut chief cell at Irregular dense bodies, 0.5 to 1 ,u in diameter, are often present in the chief cell cytoplasm (figs. 6 to 9) and evidently represent the counterpart of lipoid, fuchsinophil, or lipofuscin pigments described in conventional sections of carotid body.7 13 Dense bodies which are homogeneous and hazily delimited (figs. 7 and 8) probably contain lipid. Other dense bodies consist of irregular dense clumps or rods embedded in a fibrillar matrix ( fig. 6 ). These probably correspond to lipofuscin pigment aggregates and conceivably arise fronm mutual fusion of specific granules and incorporation within lysosomal residual bodies. 38 Since the products of granule fusion are considerably larger than the individual granules, this phenomenon might account for the inconstant microscopic visualization of a Henle chromaffin reaction in the carotid body chief cell.26' 27 At low magnifications, carotid body chief cells appear deceptively symmetrical with round or ovoid profiles. Only by electron microscopy is the mosiac of processes and junctions binding these cells appreciated (figs. 3, 5 to 10). Many chief cells are elongated; asymmetrical extensions may protrude a distance up to three times the length of the major diameter of the cell body (figs. 7 and 12). Overlapping of these extensions by other cell bodies probably accounts for failure to detect them by conventional light optics. Rarely, 200 A diameter microtubules appear aligned within the cytoplasm of a chief cell process while secretory granules and cytoplasmic organelles are relatively sparse ( fig.  7 ). This selective exclusion of organelles imparts a neuroid appearance to such processes and suggests a protoplasmic "streaming" effect. Meijling32 also observed neuroid chief cells by light microscopy. Partial encirclement of one chief cell by processes of another is not infrequently noted and is highlighted when a cell with relatively dense hyaloplasm embraces an electron lucent neighbor ( fig.  10 ). The same phenomenon is reproduced in carotid body tumors.22 Abutting chief cells may be united by indentations of filopodia from the surface of one cell into the cell body of another ( fig. 8 ), irregular flutings of adjacent cell membranes, or simple types of paired membrane thickenings ( fig. 9 ). The latter are a primitive form of desmosome39 without evidence of intercellular laminations or development of cytoplasmic tonofibrillae.
A dark variety of chief cells (D cells) with cytoplasm of relatively greater electron density comprise from 5 to 20% of the population in various primary lobules (figs. 10, 14, and 15). In plastic sections, they may be discerned by light optics (fig. 1 ). In addition to a denser hyaloplasm, D cells may often be distinguished from light cells (L cells) by a larger number of free and aggregated ribosomes in the cytoplasm20 or by a higher concentration of secretory granules per unit area. The D cells also contain many osmiophilic 0.5 to 1 p, electron-dense globules, possibly lipid ( fig. 14) . Some D cells contain relatively larger and more elongate cytoplasmic granules than those present in L cells (figs. 14 and 15), but the majority of D cell granules are identical in size and shape to those in L cells and occasionally possess a vesicular core. Cells of the D type have been observed in mouse, cat, and horse carotid bodies by electron microscopy20' 40 and are apparently referred to in several light microscopic descriptions.7 Comparable populations of cells with relatively dense hyaloplasm occur in a variety of parenchymal organs. Their presence has been related to phases in the cell or organ life cycle7' 40 and their cytoplasmic density may be explained by differences in the concentration or physical state of intracellular fluid.4' The unusually large and upper left. Several chief cell granules display a vesicular core (arrows). Note parallel cisternae of rough endoplasmic reticulum (ER) in chief cell; X 18,000.
(6) Heterogeneous dense bodies (DB) in a chief cell, one fused with lipid globule (L). Sustentacular processes envelop adjacent nerve fibers with aligned neurotubules (NT). Note fiber with dense-cored granule in presynaptic region (arrow) and mitochondrion-rich nerve bulb (N) above; X 27,600. Granules and other organelles are partially excluded from this region. Sustentacular processes (SC) are adjacent; X 22,000. elongate granules present in some D cells of the carotid body appear similar to immature granule forms observed by Elfvin35 in intermediate cells of the developing adrenal medulla.
Sustentacular Cells
In many respects the relationships of chief and sustentacular cells (figs. 1 to 3, 5, 11, 12, 14, and 15) are reminiscent of the ganglionsatellite cell relationship.36 Carotid body sustentacular cells serve a dual function of sheathing unmyelinated nerve fibers and enveloping the periphery of chief cell nests. In this respect they are similar to sustentacular cells of olfactory and taste receptors.27 The interweaving processes of sustentacular cells appear to form a protective basket around the chief cells, confining them individually or in clusters. Each sustentacular cell apparently extrudes several long processes extending several times the cell body length. These seem to taper gradually without arborizing. At points of juncture, abutting sustentacular processes simply overlap, but occasionally they unite by a simple form of desmosome, or are fitted together by an irregular membrane folding ( fig. 5 ). Filipodial projections at right angles to the major axis of sustentacular processes occasionally indent the cytoplasm of the adjacent chief cell. In contrast to chief cell nuclei, sustentacular cell nuclei possess a more uniform rim of chromatin material (figs. 1 to 3). This characteristic aids their identification in plastic sections, where they are typically situated at the perimeter of chief cell lobules (figs. 1 and 2). The nuclear shape is ovoid, reniform, or triangular, depending upon the conformation imposed by adjacent chief cells. Sustentacular cell bodies contain sparse simple or branching tubules of rough endoplasmic reticulum, and scattered bundles of fine fila-ments. Smooth reticulum is more prominent (fig. 5 ) and frequently assumes a whorled "fingerprint" configuration, sometimes in conjunction with entrapped particles in the size range of ribosomes ( fig. 14) .
Nerve Fibers
Loss of the myelin sheath protecting interlobular nerve bundles is compensated by the protection of sustentacular processes as nerve fibers penetrate the chief cell nest (figs. 6 and 15) . In this respect the sustentacular cells are neurilemmal; indeed, Ross27 has proposed a lemmoblastic origin. The course of nerve fibers through the sustentacular envelope and into contact with the chief cells was surmised from numerous photomicrographs and agrees with previous interpretations of the innervation in animal carotid glands.20 28 Fine nerve bundles were identified by the presence of regularly aligned neurotubules, 180 to 200 A in diameter, and neurofilaments as seen in various planes of section (figs. 6 and 15) . Nerve fibers appear to be insulated from contact with the chief cells until the specialized zone of synaptic contact, where a terminal dilatation or end-bulb often develops and is filled with abundant S-type synaptic vesicles, 300 to 400 A in diameter, or many small mitochondria (figs. 12, 13, and 15). In advantageous planes, synaptolemmal thickenings are noted ( fig. 13 ). Two features of these efferent-type synaptic endings are of particular interest. Some presynaptic vesicles contained an electron-dense core ( fig. 15 ) and on occasion a single synaptic dilatation was observed to abut two adjacent chief cells, including both D and L types ( fig.  15 ). Cross sections of interlobular nerve bundles, at various levels also disclosed dense cored granules, 400 to 600 A in diameter, within neuraxons ( fig. 6 ). This strengthened our conviction that some nerve fibers are (8) Microvillous projections (arrows) interlocking membranes of juxtaposed chief cells.
Lipid globule (L) in cytoplasm of chief cell at left; X 28,000.
(9) Complex arrangement of carotid body cell processes. A bulbous projection (CP) of the chief cell at center is bordered above by a slender sustentacular extension (SC). Below, the projection is attached to a neighboring chief cell at a zone of plasmolemmal thickening (D). The perimeter of this lobule is delimited by a fine basement lamina (BL); X 27,000. Light (LC) and dark (DC) chief cells. Hyaloplasm of dark cell is more electron dense. Large cytoplasmic granules and a lipid droplet are prominent. Note whorled arrangement of agranular membranes in the sustentacular process (SC) and enclosure of a fine nerve twig (arrow). Basement laminae (BL) of parenchymal lobule and capillary (CAP) wall are separated by collagen and interposed pericyte (P); X 28,400. sympathetic efferents, a conclusion also reached by Kohn8 and Cowdry.34 Although physiological and neuroanatomic evidence1-5, 12, 42 compels us to assume that Circulation, Volume XXXVII, April 1968 sensory nerve endings exist in the carotid body, nerve endings corresponding to those with physiologically afferent properties could not be specifically distinguished by their
Figure 15
Field illustrating typical relationships of nerve fibers and parenchymal cells. A vesicle-filled nerve ending (SV) contacts both light (LC) and dark (DC) chief cells. Adjacent nerve sections (1, 2) are filled with mitochondria and may represent presynaptic portions of the same ending. A nerve fiber of smaller diameter (3) is identified by neurotubules, while another fine nerve twig with small mitochondria and some vesicular activity (4) contacts two light chief cells. Note minute granulated vesicles (arrows) in two of the nerve sections (SV and 1). All nerve sections are buried within or directly adjacent to cytoplasm of a sustentacular cell (SC); X 27,700. ultrastructure. Nerve fibers without synaptic organelles, which occasionally contact chief cells, may conceivably represent the sensory terminals (figs. 6, 12, and 15) . Indeed, in rare planes of section (figs. 12 pearances may be deceptive, since a single nerve fiber may be transected as it weaves through various geometric planes.
A pericapillary network of carotid body nerve endings which has been demonstrated histochemically and ultrastructurally in the cat,28' 43 was not observed in the human glands.
Capillaries and Stroma
As emphasized previously, the chief cell nests or primary lobules of the carotid body are not directly penetrated by capillaries. Ordinarily, they are structurally insulated from direct contact with the capillary wall by intervening bodies or processes of sustentacular cells and vascular processes. The functional significance of this partial barrier remains to be elucidated. A direct pathway from the capillary lumen to chief cell cytoplasm would often traverse capillary endothelium, capillary basement lamellae, pericyte process, interstitial space and collagen, and Circulation, Volume XXXVII, April 1968 basement lamina external to the sustentacular process (figs. 2, 3, 11, 14, and 18). This is not necessarily the physiological pathway for transfer of oxygen, carbon dioxide, or plasma ions. Irregular gaps in the envelope of sustentacular and pericyte processes do occur (figs. 11 and 14) and the capillary wall is fenestrated by pores 400 to 700 A in diameter ( fig. 11 ), characteristic of endocrine capillaries.44 4 The pores are closed by a thin membranous diaphragm. Cytoplasmic rodlets of the Weibel-Palade type were numerous in some capillary endothelial cells ( fig. 16 ). These have also been observed in human synovial capillaries23 and vessels of a carotid body tumor.22 Mast cells were often located in close proximity to interstitial vessels and contained characteristic cytoplasmic granules ( fig. 17 ).
Discussion
Chief cells have generally been regarded as the prime source of chemosensory activity Figure 18 Idealized representation of a chief cell unit in the human carotid body. Arrows represent some conceivable pathways of chemogenic impulse transmission. Reciprocal interaction among chief cells could be mediated by direct depolarization of their membranes (dotted arrows) or through release of a bioamine (solid arrows). Input stimuli by an adrenergic fiber (E) might be similarly transmitted. Excitation of an afferent fiber (A) is presumed to result from local release and concentration of bioamine. Code: SC = sustentacular cell, LC -"light" chief cell, DC -"dark" chief cell. in the mammalian carotid body,42' 4 but some investigators continue to theorize that sustentacular cells may act as the primary receptors of metabolic stimuli. 47 The exact cellular dynamics of chemosensation must eventually be elucidated through a correlation of ultrastructural and physiological findings. At present, several ultrastructural features invite further explanation: (1) The chief cells contain abundant cytoplasmic granules, evidently synthesized endogenously.
(2) The cytoplasmic granules resemble neurotransmitter packets characteristic of neurosecretory cells in the hypothalamus,44 adrenal medulla,35 and autonomic nervous system.48 (3) Primary lobules of human chief cells are circumscribed by an elaborate basket of neurilemmal processes and capillary pericytes and thus are partially insulated from the interstitial space. (4) Nerve endings are buried relatively deep within chief cell lobules and have not been observed to abut capillary walls in the human gland. (5) Synaptic junctions between terminal nerve twigs and chief cells exhibit ultrastructural characteristics of efferent terminals (figs. 12, 13, and 15) often of adrenergic efferents. '9 The numerical preponderance of chief cells in the human carotid body and other paraganglia studied,29 as well as the direct contact of these neurosecretory cells with nerve fibers strongly implies that they do not assume a merely accessory or vestigial role as postulated by de Kock47 and Costero.50 The specific functional significance of cytoplasmic granules in chief cells nevertheless is uncertain. Cumulative evidence supports recent proposals that chief cells synthesize a bioamine-neurotransmitter which is released in response to metabolic alterations.'8' 46 Direct assays of carotid body tissue have disclosed high levels of norepinephrine,'8' 26,51-53 but no serotonin, while positive histochemical reactions for catecholamine have included the highly specific Formalin-induced fluorescence method for norepinephrine.0 22 30 Some neoplasms of the carotid body and related paraganglia contain excessive norepinephrine, 22 26, 54 and the tumor cells are filled with dense cytoplasmic granules of catecholamine size.22 The latter evidence is very significant, since chemical analysis of tumors obviates the error of including some sympathetic nerve or ganglion cells with relatively minute normal glands. Recent studies have confirmed that norepinephrine is exceptionally labile to fixation and often fails to produce a classical chromaffin reaction with potassium dichromate.49 Thus, reports of unsuccessful attempts to elicit a chromaffin reaction in the carotid body,6' 13,26 do not exclude the presence of lnorepinephrine.
Neuroectodermal derivation of the carotid body chief cells is suggested cytologically by the osmiophilia of the granules, their development of abortive neuroid processes32 ( fig. 7) , and their specific association with satellite sustentacular cells.36 Several embryological studies8 ' 16, 17 including a recent examination of the rat carotid body'6 are also consistent with this view. It is reasonable to Circulation, Volume XXXVII, April 1968 speculate that chief cells of the paraganglia descend from neuroblastic or sympathoblastic cells, but retain a peculiar sensitivity to chemical conditions of the environmental substrate. A general sensitivity of neural tissues to anoxia is recognized, and the adrenal medulla is known to "leak" catecholamine at a low level even when denervated.55 Thus, a steady metabolically modulated release of neurotransmitter by the carotid body chief cells, as proposed by Lever and Lewis,46 would not be unprecedented. Indeed, efflux of a neurohumor during hypoxia could well produce the physiological stimulus-response curves obtained by Biscoe and associates.56 Experiments of Comline and Silver57 suggest that fetal neuroendocrine tissue may be unusually sensitive to hypoxia and preferentially release norepinephrine. While the ability of norepinephrine to depolarize afferent sinus nerve fibers has not been proven, effects of reserpine in delaying or altering chemoreceptor discharge patterns are intriguing.57' 58 A plausible sequence of events in the propagation of chemogenic impulses can be deduced from available experimental information: (1) sensitization of the chief cells4 59 60;
(2) release of a neurotransmitter stored in the cytoplasmic granules of chief cells37 46; (3) local build-up of the neurotransmitter substance around sensory afferent nerves46' 61; (4) depolarization of sensory fibers and convergence of impulses into the sinus nerve.46 62 An ultrastructural basis for such a series of events is schematized in figure 18 . Lobular arrangement of chief cells in the carotid body may represent the anatomically favorable means for ensuring effective concentration of neurotransmitter in the vicinity of sensory nerve endings. At the same time, compartmentalization of chief cell groups by means of a sustentacular jacket, and the intimate surface connections among contiguous chief cells within any particular unit might predispose to a partial integration of functional activity. In terms of impulse generation, small cell units could create a miniature internal circuit for modulation of simultaneous metabolic and sympathetic efferent stimulus input. Integrated action of cell groups might also account for the findings of Biscoe and Taylor,62 which indicate that sinus nerve discharges are the result of sensory input convergence. Membrane depolarization and impulse conduction along neurosecretory cells have just recently been suggested.64 Such a mechanism acting in the carotid body would permit rapid intercellular communication of metabolic alterations occurring near the surface of cell groups. Changes in surface membrane potential might be equivalent to chief cell "sensitization" proposed by several physiologists.4' 63 Regardless of the precise mechanisms involved, an active role of chief cells in chemosensation now appears probable. Consideration of chief cells as active couples or transducers interposed between nerve endings and the interstitial environment may prove more rewarding in the interpretation of physiological data than earlier concepts of a passive "sensory" mechanism.
Ultrastructural identification of carotid body afferent nerves remains puzzling.28 Regions of synapse in the human gland display a polarization of microvesicles in the axonic dilatation and suggest only efferent neurotransmission. These synapses are similar to adrenergic efferents seen in morphologically analogous sympathetic or neuroendocrine glands, and the implication is that they function in a similar fashion. Sensitization of the chief cells by adrenergic fibers has already been postulated on the basis of physiological experiments. 63 Since accumulation of synaptic vesicles in the cytoplasm of chief cells near regions of nerve contact has never been observed in the carotid body, the functional significance of en passant nerve fibers observed in human (figs. 6, 12, and 15), cat28 and horse20 glands is uncertain. Without serial sections and three dimensional reconstruction, the existence of two types of nerve fibers cannot be ascertained by conventional ultrastructural study. Detection of specific cytochemical activities43 or degeneration of fiber tracts65 may eventually provide more convincing morphological evidence.
Considering the special sensitivity of the isolated carotid body to metabolic stimuli and its precarious dependence upon a continuously high oxygen supply,3 it is surprising that chief cells do not contact the perivascular interstitium more intimately. Several microscopists, using conventional techniques, apparently believed that the chief cells directly lined vascular channels of the carotid body.7 13,31,33 This erroneous concept, partially based upon the study of tumors, early gave rise to the confusing designation, "glomus" cells, which persists in some nomenclatures. It is now clear that carotid body chief cells are not directly situated in the wall of vessels, as for example, the juxtaglomerular cells are, nor are they vascular pericytes or myoepithelial cells. In fact, the chief cells are partially insulated from both interstitital and vascular compartments by ground substance, collagen, and processes of pericytes or sustentacular cells ( fig. 14) . In some areas ( fig. 11 ) the actual distance between chief cell cytoplasm and capillary spaces does not greatly exceed the thickness of the alveolocapillary membrane in the lung,66 and diffusion of carbon dioxide into chief cells would probably not be hindered. Rosenbluth and Wissig67 have demonstrated penetration of ferritin molecules between ganglion cells and their sustentacular-like satellite glia, and canalicular-like spaces between some carotid body cells ( fig. 15 ) may speed the fluid exchange. Nevertheless, the tissue barriers described must serve to reduce the outward diffusion of chief cell metabolites and may indirectly increase the sensitivity of chief cells to slight alterations of pH as proposed by Joels and Neil.3 Fenestrae in the carotid body capillaries may facilitate the flux of plasma and interstitial fluid. This capillary modification is characteristic of many endocrine organs45 and capillaries of the hypophyseal portal system. 44 Conceivably, carotid body secretion drains into these channels,68 but trace amounts of hormone seem unlikely to produce a systemic effect in the absence of portal venous drainage or other means for concentrating output upon a specific target organ.
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